A new type of high pressure spectroscopy view-cell for investigation of multiphase reactions is presented. It allows visual observation of the reaction mixture at conditions up to 200°C and 200 bar. Measurements of the reactor cell's upper part by transmission spectroscopy with variable path length and of the cell's bottom part by attenuated total reflection ͑ATR͒ spectroscopy can be performed quasi-simultaneously. By coating the internal reflection element with a catalyst film, in situ investigations of heterogeneous catalysts can be performed. The potential of this new experimental setup is demonstrated using examples of heterogeneous and homogeneous catalytic reactions. For the heterogeneously catalyzed hydrogenation of ethyl pyruvate over Pt/Al 2 O 3 in ''supercritical'' ethane the reaction progress could be monitored by spectroscopic investigation of the fluid phase. Quantitative evaluation of the spectra combined with digital imaging of the reaction mixture allowed simultaneous determination of phase behavior and reaction kinetics. ATR-IR spectra of the catalyst film could be measured at the same time. In the homogeneously catalyzed formylation of morpholine with ''supercritical'' carbon dioxide and hydrogen, not only number and nature, but also the composition of the different phases could be determined. The catalyst was found to be confined to the liquid phase. Although the aim of these preliminary studies was to test the functionality of the new cell, already significant new insight on the investigated catalytic reactions could be gained.
I. INTRODUCTION
Conducting catalyzed chemical reactions in ''supercritical'' 1 fluids ͑SCFs͒ is a very promising combination of two actual fields of research. [2] [3] [4] [5] The progress in catalyst design 6 and the tunable properties of SCFs which affect various reaction parameters [7] [8] [9] offer new opportunities in reaction design. While the choice of a suitable catalyst usually leads to a reaction pathway with higher reaction rate and selectivity, the proper use of SCFs can provide several beneficial features, including improved mass-and heat-transfer, easier product separation, and process intensification. 5 In order to rationalize catalytic reactions in SCFs, it is mandatory to examine thoroughly the phase behavior of the reaction mixture at various conditions and thus to get information on the number and nature of the present phases ͑i.e., on the macroscopic level͒ and apply in situ spectroscopic tools to identify the phase compositions and molecular interactions ͑i.e., on the microscopic level͒. 10 One possibility to investigate the reactor content is on-line sampling. [11] [12] [13] [14] However, taking samples has several disadvantages: during the transport of the sample from the reactor to the analytic device changes in temperature or pressure can provoke changes in phase behavior and composition. For multiphase mixtures, samples have to be taken at different locations in the reactor, and may require analysis by different techniques ͑e.g., GC for gaseous or ''supercritical'' phase and HPLC for liquid phase͒. Furthermore, analysis is relatively slow ͑chromatog-raphy͒, and each sample removal reduces the amount of reaction mixture. Therefore at high pressures sampling techniques are more useful for solubility measurements than for monitoring catalytic reactions. The advances in infrared spectrometers ͑Fourier transform technique allows fast measurements, very sensitive detectors enable application of probing techniques and investigation of materials with relatively strong loss of intensity͒ render IR spectroscopy a preferable tool for on-line reaction monitoring and investigation of catalytic reactions in ''supercritical'' fluids. By means of the attenuated total reflection ͑ATR͒ sampling technique, 15, 16 where the light is totally reflected at an internal reflection element/sample interface and only penetrates over a few micrometers or less into the sample, even strong absorbing substances, such as carbon dioxide, can be investigated in a reactor with reasonable volume at high concentrations or pressures.
In situ techniques have been developed separately for both fields, the examination of ''supercritical'' fluid mixtures at high pressures, and the investigation of working catalysts. For the case of heterogeneous catalysts, special techniques have been developed that allow the observation of the catalytically active surface. [17] [18] [19] [20] [21] But most of these techniques require special measuring conditions which deviate considerably from those of the catalyst in its working state. The difference between the conditions for spectroscopy and the high pressures in SCF processes can be compared to the situation known as ''pressure gap.'' 19 For true in situ invesa͒ Author to whom correspondence should be addressed; electronic mail: baiker@tech.chem.ethz.ch tigations of a working catalyst the spectroscopic measurements have to be performed at the temperature and pressure applied during the catalytic reaction.
Although there exist several in situ spectroscopy approaches for the investigation of SCF mixtures, 22 which can also be used to study homogeneous catalytic reactions, they are usually only applicable if the reaction mixture consists of just one single phase. The often encountered situation that SCF reaction mixtures contain at least two different phases requires the possibility to measure simultaneously at distinct locations in the reactor. Only few attempts are reported in the literature that aim at analyzing the mentioned situations, i.e., spectroscopy of homogeneously catalyzed reactions in two phase mixtures at elevated pressures, or heterogeneously catalyzed processes in SCFs at reaction conditions. 23 Many of the hitherto reported SCF spectroscopy setups consist of either a small flow cell with two windows for transmission measurements, 24, 25 a probe with an internal reflection element ͑IRE͒ tip that can be mounted in a reaction vessel, 26 -28 or a small flow cell with integrated IRE. 29, 30 Kazarian et al. 31 combined data from transmission and ATR measurements. However, the same experiment had to be carried out more than once because different reactors were used for the different sampling techniques. To our knowledge, none of the so far reported equipments can be used to measure the phase behavior and perform spectroscopic measurements simultaneously to ensure that spectra of the desired phase are recorded. An even more advantageous situation would be the possibility to probe different phases at the same time.
Here we present a new type of view-cell that fulfills the above-mentioned requirements. The combination of two different probing techniques for Fourier transform infrared spectroscopy, i.e., transmission and ATR, with digital imaging of the cell content allows in situ investigation of catalytic and noncatalytic reactions at elevated pressures. In the following section the cell is described in detail. Afterwards two case studies are given to demonstrate the feasibility of the chosen approach: ͑i͒ the heterogeneously catalyzed hydrogenation of ethyl pyruvate in ''supercritical'' ethane and ͑ii͒ the homogeneously catalyzed formylation of morpholine in ''supercritical'' carbon dioxide.
II. CELL DESIGN
In previous studies, phase behavior measurements of catalytic reactions were performed using a view-cell that is based on a commercial screw-type manual pump model. 32 Starting with this design, a new cell was constructed in cooporation with Sitec Sieber Engineering AG Switzerland in a way that simultaneous phase behavior and spectroscopic measurements are possible. The cell consists of a horizontal stainless-steel cylinder ͑Fig. 1͒. For phase behavior studies it is equipped on one side with a sapphire window covering the whole diameter ͑26 mm͒ and on the other side with a moving piston with another sapphire window for illumination purposes. The cell allows experiments at temperatures up to 200°C and pressures up to 200 bar. The volume can be varied between 19.5 and 67.5 ml.
For infrared spectroscopic studies, the front end of the cell ͓see Fig. 1͑a͔͒ is placed into a Bruker IFS 66 spectrometer equipped with a liquid-nitrogen-cooled mercury cadmium telluride ͑MCT͒ detector. A custom-made motordriven carriage allows moving a set of mirrors in the light beam to redirect it through two cylindrical windows ͑ZnSe, diameter 8 mm, length 10 mm͒ in the upper part of the reactor. In this operation mode, transmission measurements of the upper phase in the reactor can be performed. The transmission path length can be varied between 0.3 and 38 mm by pushing additional cylindrical crystals into the drillings. Figure 1͑b͒ shows the heart piece of the new cell. It is an unmountable slice in the lower part of the reactor, which can shelter a trapezoidal crystal ͑27.7ϫ10ϫ2 mm, angle of incidence 60°, three active reflections͒. The crystal is clamped on both sides by two metal trapezoids that are also put into the guide of the slice. Mirrors direct the light beam through the crystal that acts as an internal reflection element ͑IRE͒. Figure 2 sketches the path of the light beam for both measurement modes, transmission ͑dashed lines͒ and ATR ͑solid lines͒. Different materials for the windows and the IRE can be chosen, depending on the desired frequency region ͑e.g., sapphire, ZnS, Ge, KBr; for mid-IR ZnSe is suited best͒. The setup allows accessing only one of the modes at the time. However, switching between the two sampling modes takes only about 15 s. The effective thickness ͑indicates the path length of an ATR setup corresponding to a transmission experiment 33 ͒ depends on the refractive index of the IRE, the angle of incidence, the wavelength, and the refractive index of the probed medium. As the latter varies with density, effective thickness values have to be deduced for different combinations of wavelengths and refractive indices. Results of such calculations with the parameters of the present setup are listed in Table I .
A crucial point of high-pressure ATR cells is the sealing of the sensitive crystal. We use a custom-made rectangleshaped polytetrafluoroethylene ͑PTFE͒ sealing ͑thickness 1.1 mm͒ that presses on the crystal along its border. As PTFE is a flowing material, it is necessary to limit the space around the sealing as much as possible. By giving the sealing a trapezoidal profile, an excellent tightness can be achieved that puts only little mechanical stress onto the brittle crystal.
The flowsheet of the complete setup is given in Fig. 3 . A system of manually operated valves allows a flexible handling of the different in-and outlet lines. The solvent is compressed with a compressor ͑PM-101, NWA, Germany͒. A decompression valve flattens the pulses so that a constant flow passes a mass flow meter ͑Rheonik Messgeräte GmbH, Germany͒. Nitrogen and hydrogen are available at high pressures via the in-house gas supply system. Pressure controllers allow constant feed pressure independent of the supplied pressure. Liquid substrates can be dosed to the reactor at high pressures and wide varying flow rates with a HPLC pump ͑PU-980, Jasco͒. As a safety precaution, a rupture disk rated at 210 bar ͑Ϯ5%, Sitec AG͒ is mounted to the reactor. Reactor outlet and rupture disk tube are connected to the in-house vent line.
The temperature of the reactor is controlled with an oilcontaining heating jacket and a computer controlled thermostat ͑F4 HD, Julabo Corporation͒. The temperature is measured by means of a J-type thermocouple ͑Sitec AG͒ located near the spectroscopic measurement level in a way that the measuring tip is situated in the middle of the reactor diameter. A pressure transmitter ͑Genfran MN16M, BMRTechnik, Switzerland͒ with a built-in amplifier allows reliable pressure measurements over a broad temperature range. A displacement transducer ͑HP 22 CP, Genge & Thoma, Switzerland͒ monitors the position of the moving piston which subsequently allows computing of the actual reactor volume. Estimation of the calculation parameters resulted from volume calibration experiments with water.
The phase behavior is monitored and photographs are taken by a Nikon Coolpix 990 charge coupled device ͑CCD͒ camera through a custom-designed lens via a mirror. An inhouse modification of the camera remote control allows its operation via the computer software. The view cell can be illuminated with visible light of variable wavelength and intensity, supplied by a cold light source ͑Intralux 6000, Videal AG, Switzerland͒ with corresponding filters via optical fibers. To ensure reliable data, all sensors are connected to a signal conditioning box ͑SC-2345, National Instruments͒ which in turn sends the signals to the data aquisition card ͑DAQ E-6036, National Instruments͒ mounted in a personal computer. All data are stored in a database and monitored with homemade software ͑LabView 6.1 extended with the DSC module, National Instruments͒. The spectrometer controlling software ͑OPUS, Bruker͒ is remote controlled by LabView via dynamic data exchange ͑DDE͒ interprogram communication. This allows instant spectrum calculation, as the appropriate background spectrum is changed simultaneously while switching between ATR and transmission measurement mode. The combination of all the measured physical data with infrared spectra and camera snapshots facilitates automatic report generation. A mechanically stable but still movable mount for the reactor is crucial. It allows movements in all directions and rotation around all three axis. Therefore it is possible to position the cell precisely in the spectrometer probe chamber as well as pulling the cell out of the spectrometer and tilt it forwards and backwards in order to load, unload, and clean it easily. The setup must resist the forces applied when the manual pump screw is turned against high pressures. The challenge is to be able to reposition the cell always exactly at the same place to ensure the optimal optical path of the IR beam and reproducible results. This goal is attained by means of a digital dial gauge that indicates the tilt angle very accurately.
Safety note: The experiments described in this article involve the use of relatively high pressure and require equipment with the appropriate pressure rating.
III. CASE STUDIES

A. Heterogeneously catalyzed hydrogenation of ethyl pyruvate in ''supercritical'' ethane
The platinum-catalyzed hydrogenation of ethyl pyruvate ͑EP͒ to ethyl lactate ͑EL͒ is a prominent model reaction for investigations on enantioselective hydrogenations ͑see Fig.  4͒ . 6,34 -43 By addition of the chiral modifier cinchonidine to the reaction mixture, the ͑R͒-ethyl lactate enantiomer is formed predominantly. 44 , 45 The new cell offers the possibility to understand basic aspects of this type of reaction. To simplify spectra interpretation, the reactions presented here were carried out without modifier, and thus the product was racemic.
Previous studies of EP hydrogenation in dense ethane 32, 46, 47 revealed a significant influence of the phase behavior on the reaction rate, especially at low hydrogen concentrations. Conducting the title reaction in a conventional solvent, such as toluene, results in a three phase reaction system ͑solid catalyst, liquid substrate solution, gaseous hydrogen͒. In a ''supercritical'' solvent such as ethane at the appropriate temperature and pressure a two phase mixture is formed ͑solid catalyst, ''supercritical'' single phase reaction mixture͒. The latter situation allows one to demonstrate the opportunities the new spectroscopy cell offers: Visual observation ensures formation of the desired phases. The reaction progress can be monitored via the composition of the ''supercritical'' phase, measured by transmission spectroscopy through the two ZnSe windows. Finally, information on the changes on the catalyst surface can be gained by ATR spectroscopy of the catalyst coated on the IRE.
To coat the trapezoidal ZnSe crystal by Pt/Al 2 O 3 ͑Engel-hard 4759͒ 10 mg catalyst powder was suspended in 2 ml water. A few drops of suspension were put onto the crystal, which was subsequently dried in vacuo at 60°C. This procedure was repeated for the whole amount of catalyst suspension. After mounting the crystal holding reactor slice, the reactor was flushed with ethane several times, and then filled with 10 g ethane. The reactor was heated to 37°C, and 0.2 ml ͑1.7 mmol͒ ethyl pyruvate was dosed into the reactor with the HPLC pump. The subsequent addition of another 4 g of ethane accelerated the substrate dissolution while the pressure increased to 52 bar. The reactor volume was set to 65 ml, and hydrogen was added until a total pressure of 58 bar was reached. The final reactor content corresponded to a solvent to substrate to hydrogen molar ratio of 270:1:9.
A snapshot taken after the addition of hydrogen is depicted in Fig. 5͑a͒ . Since the overall density was too low, the substrate was not completely dissolved. In accordance with our earlier published phase behavior data for a similar reaction mixture, 32 increase of the density by reduction of the reactor volume to 38.5 ml enabled a transition to a single phase ͓see Fig. 5͑b͔͒ . The total pressure increased to 74 bar. 5 . Snapshots of the ethyl pyruvate ͑EP͒ hydrogenation reaction mixture: ͑a͒ two phases after the hydrogen addition ͑b͒ upon compression the density is high enough to dissolve the whole substrate amount and a ''supercritical'' single phase is formed. The two blocks in the upper part are ZnSe cylinders, the diagonal rod is the thermocouple, at the bottom lies the magnetic stirrer.
During the hydrogenation reaction, ATR-and transmissionspectra were measured alternately every few minutes. The reaction progress could be deduced easily from the transmission spectra. Figure 6 shows the changes observed by transmission infrared spectroscopy. The characteristic peak of ethyl pyruvate at 1305 cm Ϫ1 decreases as the reaction proceeds, while the ethyl lacate band at 1221 cm Ϫ1 increases continuously. Because the molar absorptivity varies with density 48, 49 the absorptivity ratio of the two peaks was calibrated with a 1:1 mixture of EP and EL at reaction conditions. It indicated a value of EP,1305 : EL,1221 ϭ0.98. Integration of the two mentioned signals allowed calculating the conversion as follows: Xϭ1/(1ϩ1.02•A EP /A EL ), where A stands for the integrated area of the corresponding peak. Conversion is shown as a function of time in Fig. 7 . The slight deviation from the continuous curve after 8 min is caused by reduction of the reactor volume in order to increase the solvent density such that one single ''supercritical'' phase is formed. 32 The last value after 77 min corresponds to a conversion of 90.3% and is in very good agreement with a GC analyzed sample taken after decompression ͑and therefore a few minutes later͒, which indicated a conversion of 93.5%. Figure 8 compares ATR-IR ͑marked A͒ and transmission IR spectra ͑marked T͒ at the beginning ͑marked 1͒ and at the end ͑marked 2͒ of the reaction. The transmission spectra clearly show the already discussed change of signals at 1305, 1266, and 1221 cm Ϫ1 . Additionally there are decreasing peaks at 1026 and 950 cm Ϫ1 . In contrast to the distinct changes in the transmission spectra, which represent the single ''supercritical'' phase, the ATR measurements reveal only modest differences. This indicates that the composition in the near surface region of the catalyst is significantly different from the bulk composition. Frequency, intensity, and shape of the bands at 1296, 1262, 1213, 1150, 1016, and 950 cm Ϫ1 remain about the same. However, the broad peak at 1108 cm Ϫ1 gains in intensity and contour, and the shoulders decays to a small shoulder and the two peaks at 1018 and 1005 cm Ϫ1 merge to one signal at 1014 cm Ϫ1 . Comparison of the transmission with the ATR spectrum at the beginning of the reaction indicates that the strong signal at 1139 cm Ϫ1 in the fluid phase is shifted to 1108 cm Ϫ1 and broadened. Furthermore it exhibits different shoulders when probing the catalyst. The band at 1026 cm Ϫ1 is also shifted to 1018 cm Ϫ1 , and a new peak arises at 1035 cm Ϫ1 . The almost constant spectra of the ATR measurements over the whole reaction time indicate nearly steady-state concentration conditions at the catalytic interface. In contrast, in the ''supercritical'' bulk phase, concentrations of reactant and product change strongly with time.
To estimate the contribution of the dissolved species to the ATR spectra, the theoretical ATR absorbance was calculated for the intense peak at 1139 cm Ϫ1 , assuming an ATR effective thickness of 4 m. For the transmission experiment the absorbance was 0.3 and the path length 3.8 mm. Since concentration and molar absorptivity are the same for ATR and transmission, the absorbance is calculated from Lambert Beer's law as follows: A ATR ϭA Trans (l ATR /l Trans ), where A stands for absorbance and l for path length. The calculated value of 3.2ϫ10 Ϫ4 is two orders of magnitude smaller than the measured ATR signal. Consequently, under the applied conditions dissolved species do not contribute to the ATR spectra.
The similarity of the ATR-IR peaks with the spectrum of ethyl lactate indicates that the catalyst film is mostly covered by the product. This suggests that EL desorption into the bulk liquid is slower than EP adsorption and the intrinsic chemical reaction ͑hydrogenation͒ rate. It is not yet possible to distinguish between adsorption on platinum and alumina, but we are convinced that further investigations will allow a deeper insight in the adsorption equilibria and the reaction mechanism at process conditions.
B. Homogeneously catalyzed formylation of morpholine with ''supercritical'' CO 2
The formylation of morpholine ͑mp͒ to N-formylmorpholine ͑fmp͒ with ''supercritical'' carbon dioxide (scCO 2 ) and hydrogen using a bidentate ruthenium complex as catalyst ͑see Fig. 9͒ is a good example that illustrates the potential of the new cell for phase behavior measurements and on-line product monitoring by means of in situ infrared spectroscopy. N-formylmorpholine is technically produced in large quantities mainly due to its application in process gas cleaning and in the isolation of benzene, toluene, and xylene aromatics from crude oil. 50, 51 The catalytic synthesis described here was carried out without any additional solvent in contrast to the hitherto reported synthesis. 52 The phase behavior of the reaction mixture varied considerably along the reaction path, especially at low conversions ͑a detailed discussion will be given͒. After addition of CO 2 to the amine/catalyst mixture, solid carbamate was formed. With increasing conversion the produced water and formylmorpholine dissolved the carbamate, and the solid phase was transformed into a liquid one. In this contribution we will focus on the information gained by infrared spectroscopy and its combination with phase behavior. Therefore we simplified the measurement conditions and started with a liquid 1:1 mixture of reactants and products, mimicking a conversion of 50%.
The experiments were carried out as follows: The volume of the reactor was initially set to 50 ml. The mixture of mp, fmp, and water was poured into the reactor and the catalyst was added. The reactor was flushed with hydrogen several times, and heated to 100°C. The hydrogen pressure was set to 50 bar. Subsequently, CO 2 was dosed to the autoclave until a total pressure of 100 bar was reached ͑ca. 5 g CO 2 ). Stirring for 30 min ͑at 300 rpm͒ led to equilibration of the system.
The Fourier transform infrared ͑FTIR͒ investigations provided information on the composition of the different phases and the changes therein during the reaction. All mentioned frequencies are referred to as either literature or reference measurements with neat substances ͑fmp and catalyst͒. Transmission IR spectra of the gas phase and ATR-IR spectra of the liquid phase are shown in Fig. 10 . The spectra were measured before ͑solid lines͒ and after ͑dotted lines͒ the addition of CO 2 . Note that the intense signals of CO 2 are located around 667 and 2349 cm Ϫ1 and did not disturb the spectral region shown.
The broad band at 1093 cm Ϫ1 ͑as well as the smaller ones at 885, 1318, and 1456 cm Ϫ1 ͒ in the transmission spectra ͑upper part of the figure͒ is attributed to gaseous mp. While no signal is visible in the dense gas around 1710 cm Ϫ1 at the beginning, after addition of CO 2 the amide peak of fmp at 1708 cm Ϫ1 indicates the solubility of fmp in CO 2 . After the reaction started, in the ATR spectra the mp bands at 835, 1093, 1140, and 1317 cm Ϫ1 decrease or even vanish, while the fmp band at 1109 cm Ϫ1 grows. A comparison of the transmission with the ATR spectra shows that several bands are shifted in frequency. For example, the amide band of fmp appears at 1710 cm Ϫ1 in the gaseous phase, while in the liquid phase the signal has moved to 1660 cm indicating that the solid catalyst was confined to the liquid phase.
The study illustrates how the spectroscopy view cell can yield information for the understanding of a homogeneously catalyzed reaction with rather complex phase behavior. Careful inspection of the phase behavior by means of digital imaging and in situ IR spectroscopy seem to be of paramount importance for better understanding this type of reaction.
IV. DISCUSSION
Usually phase behavior measurements by use of a viewcell ͑e.g., Ref. 53͒, on-line monitoring of the reaction by transmission-or ATR-IR spectroscopy, 28, 54 and monitoring of the catalyst phase ͑liquid or solid͒ by ATR-IR spectroscopy 23 are performed independently. The new setup presented in this article provides the opportunity to combine these techniques. An alternative to this approach could be the use of an ATR-IR probe both at the bottom ͑as in this cell͒ and at the top part ͑e.g., an immersion probe as used in homogeneously catalyzed reactions, Ref. 28͒ of the in situ cell. However, this complicates the switching between the two modes. In addition transmission IR spectroscopy offers the advantage to vary the measurement path length over a broad range. Application of the ATR technique with its short penetration depth permits probing very strong absorbing bands which are usually not accessible by transmission IR spectroscopy, such as the antisymmetric stretching of CO 2 .
31 By coating the IRE with catalytic material the surface of a working heterogeneous catalyst under process conditions can be examined in a similar way as in liquid phase 17 and thereby the previously mentioned kind of ''pressure gap'' can be bridged.
Quantitative analysis using IR spectra as the probe for the reactant and product concentrations and simultaneous digital imaging of the reaction mixture can unravel the influence of the phase behavior on reaction kinetics. Timeresolved analysis of the different phases existing in a reaction mixture and of the different molecular interactions occuring therein, as well as knowledge on adsorbates on the catalyst surface, will give new insight into the reaction mechanism of heterogeneously catalyzed reactions.
Shortening of the time required for switching between transmission and ATR measurement mode could further improve the potential of the experimental setup. The investigations of the morpholine formylation reaction indicated this limitation. While staying within just one measurement mode ͑transmission or ATR, respectively͒ the FTIR spectrometer allows one to determine spectra at a frequency of up to 20 Hz. The switching between the two measurement modes takes about 15 s. This was too slow to follow the fast formulation reaction in a similar way as has been done for the slower ethyl pyruvate hydrogenation.
From the experience gained so far we can conclude that the new spectroscopy view cell is in particular a valuable tool for gaining deeper insight into fundamental aspects of catalytic reactions in ''supercritical'' fluids.
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